We examined the acute effects of elevated wall stress, norepinephrine, and angiotensin II on cardiac protein synthesis as well as protooncogene expression in hearts with established pressure overload left ventricular hypertrophy. Isolated rat hearts with chronic hypertrophy (LVH) were studied 12 wk after ascending aortic banding when systolic function was fully maintained. New protein synthesis (incorporation of [3H]phenylalanine [Phe]) was analyzed in isolated perfused rat hearts after a 3-h protocol; c-fos, c-jun, c-myc, and early growth response gene-1 (EGR-1) mRNA levels (Northern blot) were studied over a time course from 15 to 240 min of perfusion. Under baseline conditions (i.e., before mechanical or neurohormonal stimulation), [3H]-Phe-incorporation (280 nmoles/gram protein/h) and protooncogene mRNA levels were similar in age-matched control and LVH hearts. However, hearts with chronic LVH were characterized by a markedly blunted or absent [3H]-Phe-incorporation after acute imposition of isovolumic systolic load (90 mmHg/gram left ventricle), as well as norepinephrine (10(-6)M), or angiotensin II infusion (10(-8)M plus prazosin 10(-7)M) compared with nonhypertrophied control hearts. Similarly, stimulation of LVH hearts with acute systolic load or norepinephrine was associated with a significantly blunted increase of protooncogene mRNA levels relative to control hearts. The blunted induction of c-fos mRNA in LVH hearts was not due to feedback inhibition, since cycloheximide perfusion of hearts exposed to elevated wall stress further increased the differences between […] 
before mechanical or neurohormonal stimulation), Phe-incorporation (280 nmoles/gram protein/h) and protooncogene mRNA levels were similar in age-matched control and LVH hearts. However, hearts with chronic LVH were characterized by a markedly blunted or absent [3H] -Phe-incorporation after acute imposition of isovolumic systolic load (90 mmHg/gram left ventricle), as well as norepinephrine (10-6 M), or angiotensin II infusion (10-8 M plus prazosin i0-7 M) compared with nonhypertrophied control hearts. Similarly, stimulation of LVH hearts with acute systolic load or norepinephrine was associated with a significantly blunted increase of protooncogene mRNA levels relative to control hearts. The blunted induction of c-fos mRNA in LVH hearts was not due to feedback inhibition, since cycloheximide perfusion of hearts exposed to elevated wall stress further increased the differences between agematched control and LVH hearts.
The data suggest that acute molecular growth responses to mechanical or neurohormonal stimulation are altered in rat hearts with established LVH relative to nonhypertrophied control hearts. This alteration of molecular adaptations in hearts with compensatory hypertrophy may prevent inappropriate excess cardiac growth in response to mechanical and neurohormonal stimuli. (J. Clin. Invest. 1995.
Introduction
In hypertension or valvular heart disease the myocardium is exposed to a long lasting pressure overload. Since cardiac myocytes are terminally differentiated cells without the ability to divide, cellular hypertrophy is the only mechanism to normalize the persisting elevation of systolic wall stress under these conditions. In normal myocardium, pathways involved in the induction of cardiac hypertrophy may be activated within a few minutes after the onset of pressure overload, suggesting that myocardial cells are continuously sensing changes in loading conditions (1) (2) (3) (4) . Early signals of the cellular growth response include induction of protooncogenes and stimulation of overall cardiac protein synthesis (2, 4) . Pressure overload persisting for days or weeks induces multiple changes in the pattern of myocardial gene expression that finally result in a substantial remodeling of the heart's geometry and a fetal pattern of cellular biology (5, 6) .
In later stages of chronic pressure overload or in the aging heart the capacity to respond to hypertrophic stimuli may diminish (7) (8) (9) (10) . The down-regulation of acute molecular responses to growth stimuli may prevent excess myocyte growth in hearts with chronic concentric hypertrophy. On the other hand, exhaustion of compensatory hypertrophy may contribute to cell loss, progressive fibrosis, impairment of diastolic and systolic function, as well as other sequelae of hypertensive heart disease (7, (11) (12) (13) 8, 12 , and 20 wk until used for experimentation. equilibrated with a 5% C02-95% 02 gas mixture such that the perfusate pH was between 7.36 and 7.44 and the P02 was approximately 550 mmHg. Temperature of the hearts was kept constant at 350C and monitored with a thermistor probe. Cardiac performance was allowed to stabilize for 10 min of buffer perfusion. Flow was then adjusted to achieve a coronary perfusion pressure of 80 mmHg in control and 100 mmHg in LVH hearts and then kept constant throughout the experimental protocol such that a similar flow per gram left ventricular weight was achieved in control and LVH hearts (10, 14, 15) .
Experimental protocols
Time course offunctional and morphological adaptations after aortic banding. Groups of 5 to 10 age-matched control hearts, as well as groups of five to ten hearts with LVH were studied after 8, 12 , and 20 wk after banding of the ascending aorta. The time points were selected because we have previously established that this encompasses the period from compensated hypertrophy through the transition to failure (17) (18) (19) (20) . Left ventricular pressure was measured using a fluid-filled latex balloon, slightly larger than the left ventricular chamber, that was inserted into the left ventricle (14, 15) and connected to a Statham P23Db pressure transducer (Statham Instruments Inc., Puerto Rico). Maximal LV systolic pressure was measured at a balloon volume that resulted in a left ventricular end-diastolic pressure of 10 mmHg.
Effects of wall stress on amino acid incorporation. Groups of six age-matched control hearts, as well as groups of six hearts with LVH, 12 wk after banding, were subjected to an acute elevation of isovolumic systolic wall stress by distention of a fluid-filled balloon in the left ventricular chamber (10) . The hearts were initially perfused for [10] [11] [12] [13] [14] [15] min with flaccid left ventricles and no left ventricular pressure generation. LV balloon volume was adjusted to achieve a left ventricular developed pressure of 150 mmHg in LVH and 100 mmHg in control hearts resulting in a left ventricular developed pressure per gram of -90 mmHg/g in both groups. Using previous comparisons of LVH with control hearts, these adjustments allowed the abrupt generation of a peak left ventricular systolic wall stress that was similar in control and LVH groups, using an estimation of peak meridional left ventricular systolic wall stress which was calculated using the method of Isoyama et al (8) .
After 60 min, the generation of systolic pressure overload was stopped by deflation of the intracardiac balloon and hearts were perfused for another 120 min with the modified Krebs-Henseleit buffer in which 0.5 mCi/liter [3H]phenylalanine was added. Thus, the hearts were allowed to incorporate tritiated phenylalanine into newly synthesized proteins for 2 h. Morgan et al. have previously shown that phenylalanine incorporation in isolated hearts is linear for 2 h (21). Unlabeled phenylalanine, present in a defined concentration in the buffer, allowed the calculation of the incorporation of phenylalanine into cardiac proteins on a molar basis (4, 16, 21) .
Effects ofangiotensin II and norepinephrine on amino acid incorporation. Separate groups of six isolated age-matched control hearts, as well as groups of six hearts with LVH were perfused with (1) norepinephrine (1 x 10-6 M); (2) a mixture of angiotensin 1 (1 X 10 8 M) and prazosin (1 x 10-7 M) (Sigma Chemical Co., St. Louis, MO); or (3) vehicle. Angiotensin II was combined with the al-blocker prazosin to prevent any indirect stimulation of protein synthesis via activation of the postsynaptic sympathetic nervous system (22) . Concentrations used in this experiment were derived from previous dose finding studies (14, (23) (24) (25) (26) (27) . These experiments were carried out without a balloon in the left ventricle such that the left ventricle was flaccid to avoid stimulation by mechanical load (left ventricular systolic pressure < 20 mmHg).
To assure that pressurization of the coronary vascular system was comparable in all groups, the gradual increase in coronary perfusion pressure of 20-30 mmHg that was seen with angiotensin H and norepinephrine stimulation was matched in the vehicle-perfused hearts by slightly increasing coronary flow. Administration of the agonists was carried out for 60 min before [3H]phenylalanine was added for another 120 min of perfusion. To confirm that the isolated heart preparation was stable with aerobic metabolism for the 180-min duration of the experiment, lactate extraction was confirmed in five hearts without balloon in the left ventricle for an 180-min perfusion period.
Effects of wall stress and norepinephrine on c-fos, c-jun, c-myc, and early growth response gene-I expression. The time course of cardiac protooncogene induction in response to an abrupt elevation of systolic wall stress at a level of 90 mmHg/gram was first examined in groups of three isovolumic hearts that were stimulated for 15, 30, 60, 120, and 240 min. The abrupt development of this level of systolic pressure was achieved by inflation of a balloon in the left ventricle to increase left ventricular preload with secondary increase in the level of systolic pressure generation (10) . As previously reported, the magnitude of passive diastolic wall stretch employed does not cause protooncogene induction in the absence of systolic pressure generation (10) . In additional experiments, the comparison of wall stress or norepinephrine-mediated protooncogene induction in LVH and control hearts was then carried out at the time point of maximal increase in mRNA levels. Groups of five control hearts, as well as groups of five hearts with LVH were stimulated with a left ventricular systolic developed pressure per gram LV of 90 mmHg/gram. Separate groups of five control hearts as well as five LVH hearts without a balloon in the left ventricle were perfused with norepinephrine (1 X 10-6 M) for 60 min (c-fos, c-jun), or 120 min (c-myc, EGR-1). Thus, to avoid hemodynamic perturbations, left ventricular pressure was < 20 mmHg, and coronary perfusion pressure was adjusted to comparable levels between hearts perfused with norepinephrine or vehicle.
To study whether negative feedback regulation might explain reduced induction of protooncogenes in LVH hearts, four normal control hearts as well as four hearts with LVH were subjected to elevated wall stress in the presence of cycloheximide to allow superinduction of protooncogene mRNA levels (28) .
Biochemical analysis
Protein synthesis. After the perfusion protocols, atria and great vessels were quickly removed. Left and right ventricles were blotted dry, balanced, and snap-frozen in liquid nitrogen. For measurement of protein synthesis, the methods of Morgan et al. (21) with modifications by Kent et al. (4) were used. An aliquot (-100 mg) was minced and homogenized in 1 ml ice cold 5% perchloric acid to denature proteins and to remove unincorporated [3H] phenylalanine. After centrifugation, the pellet was washed with 5% perchlorate, resuspended, and heated to 80°C to remove transfer RNA-bound [3H] phenylalanine. After centrifugation, the pellet was washed with 5% perchlorate and then resuspended in 0.2 N NaOH. A small aliquot (50 Ml) of this solution was used for protein assay and a second aliquot (500 MLI) was used for liquid scintillation counting. Data were corrected for quench by extrapolation. The net protein synthesis by left or right ventricles during the 120 min of perfusion with [3H] phenylalanine was calculated as phenylalanine incorporation (mol/g protein/h) = phenylalanine (dpm/g protein/h)/perfusate phenylalanine specific activity (dpm/mol), where dpm stands for decelerations per minute.
RNA measurements. Homogenization of left ventricles and RNA extraction was carried out using standard procedures ( 10, 14, 29 (Table I) .
Effects of wall stress on amino acid incorporation. Under baseline conditions, i.e. without stimulation by wall stress or neurohormones, the rate of phenylalanine incorporation into newly synthesized proteins was similar in isolated age-matched control rat hearts (287+48 nmoles phenylalanine/g protein/hr) and hearts with LVH after 12 wk of aortic banding (277±49 nmoles phenylalanine/g protein/hr). In response to the abrupt elevation of left ventricular systolic wall stress for 60 minutes (LV developed pressure of 90 mmHg/gram LV; LV systolic meridional wall stress of 287±30 X 103 dyn/cm2 in control and 301±30 x 103 dyn/cm2 in LVH, respectively, NS) followed by 120 min of [3H]phenylalanine perfusion, the control hearts exhibited a 65% increase of phenylalanine incorporation (P < 0.05 vs baseline), whereas a similar high level of systolic wall stress resulted in a markedly blunted response in LVH hearts (35% increase, P = NS vs baseline) (Fig. 1) .
Effects of angiotensin II and norepinephrine on amino acid incorporation. 60 min of angiotensin II/prazosin infusion followed by 120 min of vehicle perfusion resulted in a 390% increase of phenylalanine incorporation in left ventricles of control hearts (P < 0.005 vs baseline). In contrast, the increase in phenylalanine incorporation in left ventricles of LVH hearts was limited to a 53% increase (P = NS vs baseline), that was significantly less than in age-matched controls (P < 0.005 vs controls) (Fig. 2, right panel) . Similarly, norepinephrine infusion resulted in a significant increase of phenylalanine incorporation in control hearts, albeit smaller than that seen with angiotensin II (Fig. 2, left panel) . As compared with control hearts, the induction of protein synthesis in response to norepinephrine infusion was significantly blunted in the LVH hearts (Fig. 2,  left panel) .
Effects ofwall stress and norepinephrine on protooncogene expression. Since protooncogenes may be important participants in signalling pathways leading to induction of protein synthesis, we studied the effects of the abrupt elevation of wall stress and Figure 1 . Effects of elevated wall stress on amino acid incorporation in normal and hypertrophied rat hearts. LVH hearts had been subjected to 12 wk of aortic banding whereas control hearts had been subjected to sham operation. Each bar represents the mean±SE for six hearts per group; statistics were carried out by ANOVA for multiple comparisons. The symbols -and + represent the absence or presence of the imposition of identical levels of systolic wall stress. Under baseline perfusion conditions, the incorporation of [3H ] phenylalanine into cardiac proteins was similar in age-matched control and LVH hearts. However, the increase of new protein synthesis after stimulation with the acute imposition of elevated systolic wall stress was markedly blunted in hypertrophied hearts.
norepinephrine on the induction of the c-fos, c-jun, c-myc and EGR-1 mRNA levels. When hearts were studied at the time point of maximal induction, i.e., 60 min for c-fos and c-jun, and 120 min for EGR-l and c-myc (data not shown), hypertrophied hearts were characterized by a significantly blunted induction of these protooncogenes relative to the normal control hearts (Fig. 3 , left, and Table II) . We confirm our previous observation that norepinephrine infusion results in a marked induction of these protooncogenes in normal adult isolated hearts (31) . However, the present study shows that this response was significantly blunted or completely absent in hearts with established LVH (Right panel Fig. 3, right, and Table H ). We confirm our previous observation that upon wall stress imposition, LVH hearts display a blunted response of c-fos and c-jun mRNA induction (10) . In addition, LVH hearts failed to augment EGR-1 and c-myc levels after imposition of left ventricular wall stress (Table II) .
To avoid the potential for negative feedback of c-fos protein on c-fos mRNA levels (23), additional hearts were perfused with the inhibitor of protein synthesis cycloheximide in parallel to the abrupt imposition of wall stress or infusion of norepinephrine. The superinduction of protooncogene mRNA in response to relief of feedback inhibition by cycloheximide resulted in significantly higher c-fos levels in normal control as compared to LVH hearts (Fig. 4) .
Discussion
LVH is an adaptive cardiac response to the imposition of longterm pressure overload of the heart (6, 32). However, clinical observations suggest that the heart's capacity to hypertrophy is limited (33) (34) (35) . The initial benefits of cardiac hypertrophy such as normalization of wall stress and preservation of systolic force generation may be offset during the late stages of chronic hemodynamic overload (6) . Progressive cell loss, myocardial fibrosis, and deterioration of cardiac function may ensue (7, 12, 13, 36) All values are expressed as normalized relation to GAPDH mRNA levels and expressed in mean±SEM. Stimulation with elevated systolic wall stress or norepinephrine infusion was carried out for 60 min, respectively; -and + represent without and with stimulation. After 60 min of perfusion, c-fos and c-jun mRNAs were quantified. Hearts for measurements of c-myc and EGR-1 were perfused for another 60 min, without stimulation before quantification of these mRNAs was carried out. * P < 0.05 vs baseline; * P < 0.01 vs baseline; ' P < 0.01 vs age-matched controls.
transition of physiological hypertrophy to cardiomyopathy of overload (5).
The present study was performed to examine immediate cardiac growth responses in hearts with established LVH due to chronic pressure overload. The experimental model of ascending aortic banding in weanling rats was employed for induction of LVH (17, 18 incorporation into cardiac proteins, corroborating our prior observations in normal adult perfused rat hearts (31) . The data in the present study extend recent findings of in vivo measurements of cardiac protein synthesis that demonstrated maximal induction of protein synthesis within 24 h of cardiac pressure overload but impaired rates of protein synthesis and degradation during long-term compensatory hypertrophy (36) (37) (38) (39) . In conjunction with the data presented here, it may be concluded that chronic left ventricular hypertrophy is characterized by a depressed capacity for new cardiac protein synthesis that occurs even when the imposed stimulus, e.g., meridional wall stress, is similar in control and LVH hearts.
Neurohormonal activation may substantially contribute to adaptive growth of the heart (5). In particular, both norepinephrine and angiotensin II have been suggested to participate in the initiation of cardiac hypertrophy (1, (40) (41) (42) (43) . In agreement with this hypothesis, the present study corroborates our previous finding that normal isolated control hearts respond to norepinephrine and angiotensin II with marked stimulation of cardiac protein synthesis even when the ventricle is completely unloaded (31 ) . In contrast, hearts with established LVH displayed no effect of norepinephrine and angiotensin II on new protein synthesis, suggesting a markedly blunted growth response to these neurohormonal stimuli.
We also studied the effects of growth stimuli on the induction of early immediate genes. We have previously shown that acute imposition of systolic load induces expression of c-fos and c-jun protooncogenes in normal isolated perfused hearts, whereas the response in hypertrophied hearts appeared blunted (10) . The present study extends these findings. In particular, in contrast to age-matched controls, hearts with established LVH inhibit markedly blunted increases in c-myc and EGR-1 mRNA levels when stimulated with elevated wall stress. Likewise, we now demonstrate that stimulation with norepinephrine results in a muted increase of c-fos, c-jun, EGR-1 and c-myc levels in hearts with established LVH. The data reinforce the concept that the molecular response to major growth stimuli is profoundly down-regulated in hearts with chronic left ventricular hypertrophy.
A limitation of the present study is that the mechanism of impaired effects of acute imposition of systolic wall stress (28) of mRNA expression in LVH does not appear to contribute to the differences between the groups, since differences in c-fos mRNA levels between LVH and control hearts were still evident when cycloheximide was administered to block synthesis of c-fos protein before stimulation.
Similarly, differences in the intracellular response to changes in systolic signalling may not explain the different levels of protooncogene expression, since we have previously shown (10) (45) . Thus, the failure of the intact hypertrophied heart to mount a robust early growth response to these stimuli may reside in changes in intracellular receptor signaling pathways as well as membrane receptor availability. The mechanoreceptor that allows sensing of elevated systolic cardiac load has not been identified yet. Thus further studies are needed to identify the molecular mechanisms of the blunted acute response to growth stimuli responses in hearts with established LVH. In summary, these observations indicate that major growth stimuli such as the acute elevation of systolic wall stress, norepinephrine, and angiotensin II are far less effective in triggering the immediate cardiac response in hypertrophied as compared with normal adult rat hearts. Impaired induction of protein synthesis in rat hearts with established LVH was preceded by a failure to induce protooncogenes such as c-fos, c-jun, c-myc, and EGR-1. The data suggest a marked down-regulation of early signaling pathways involved in cellular adaptation in response to mechanical and neurohormonal stimulation in hearts with chronic hypertrophy. In this model, the molecular down-regulation of the response to these growth stimuli occurs before the development of mechanical decompensation in the hypertrophied hearts, suggesting that it may contribute to the transition from compensatory hypertrophy to failure.
